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DATABASE SYSTEM PROVIDING 
METHODOLOGY FOR EAGER AND 

OPPORTUNISTIC PROPERTY ENFORCEMENT 

RELATED APPLICATIONS 

[0001] The present application is related to and claims the 
bene?t of priority of the following commonly-oWned pro 
visional application(s): application Ser. No. 60/362,523 
(Docket No. SYB/0086.00), ?led Mar. 6, 2002, entitled 
“Database System Providing Methodology for Eager and 
Opportunistic Property Enforcement”, of Which the present 
application is a non-provisional application thereof. The 
disclosure of the foregoing application is hereby incorpo 
rated by reference in its entirety, including any appendices 
or attachments thereof, for all purposes. 

COPYRIGHT NOTICE 

[0002] Aportion of the disclosure of this patent document 
contains material that is subject to copyright protection. The 
copyright oWner has no objection to the facsimile reproduc 
tion by anyone of the patent document or the patent disclo 
sure as it appears in the Patent and Trademark Of?ce patent 
?le or records, but otherWise reserves all copyright rights 
Whatsoever. 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of the Invention 

[0004] The present invention relates generally to data 
processing environments and, more particularly, to system 
and methods for eager and opportunistic property enforce 
ment in a database system. 

[0005] 2. Description of the Background Art 

[0006] Computers are very poWerful tools for storing and 
providing access to vast amounts of information. Computer 
databases are a common mechanism for storing information 
on computer systems While providing easy access to users. 
A typical database is an organiZed collection of related 
information stored as “records” having “?elds” of informa 
tion. As an example, a database of employees may have a 
record for each employee Where each record contains ?elds 
designating speci?cs about the employee, such as name, 
home address, salary, and the like. 

[0007] BetWeen the actual physical database itself (i.e., the 
data actually stored on a storage device) and the users of the 
system, a database management system or DBMS is typi 
cally provided as a softWare cushion or layer. In essence, the 
DBMS shields the database user from knoWing or even 
caring about underlying hardWare-level details. Typically, 
all requests from users for access to the data are processed 
by the DBMS. For example, information may be added or 
removed from data ?les, information retrieved from or 
updated in such ?les, and so forth, all Without user knoWl 
edge of underlying system implementation. In this manner, 
the DBMS provides users With a conceptual vieW of the 
database that is removed from the hardWare level. 

[0008] DBMS systems have long since moved from a 
centraliZed mainframe environment to a de-centraliZed or 
distributed environment. Today, one generally ?nds database 
systems implemented as one or more PC “client” systems, 
for instance, connected via a netWork to one or more 
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server-based database systems (SQL database server). Com 
mercial examples of these “client/server” systems include 
PoWersoft® clients connected to one or more Sybase® 

Adaptive Server® Enterprise database servers. Both PoW 
ersoft® and Sybase® Adaptive Server® Enterprise (for 
merly Sybase® SQL Server®) are available from Sybase, 
Inc. of Dublin, Calif. The general construction and operation 
of database management systems, including “client/server” 
relational database systems, is Well knoWn in the art. See 
e.g., Date, C., “An Introduction to Database Systems, Vol 
ume I and II,” Addison Wesley, 1990; the disclosure of 
Which is hereby incorporated by reference. 

[0009] One purpose of a database system is to ansWer 
decision support queries. Aquery may be de?ned as a logical 
expression over the data and the data relationships set forth 
in the database, and results in identi?cation of a subset of the 
database. Consider, for instance, the execution of a request 
for information from a relational DBMS. In operation, this 
request is typically issued by a client system as one or more 
Structured Query Language or “SQL” queries for retrieving 
particular data (e.g., a list of all employees earning $10,000) 
from database tables on a server. In response to this request, 
the database system typically returns the names of those 
employees earning $10,000, Where “employees” is a table 
de?ned to include information about employees of a par 
ticular organiZation. The syntax of SQL is Well documented, 
see e.g., “Information Technology—Database languages— 
SQL,” published by the American National Standards Insti 
tute as American National Standard ANSI/ISO/IEC 9075: 
1992, the disclosure of Which is hereby incorporated by 
reference. 

[0010] SQL queries express What results are requested but 
do not state hoW the results should be obtained. In other 
Words, the query itself does not tell hoW the query should be 
evaluated by the database management system. Rather, a 
component called the optimiZer determines the “plan” or the 
best method of accessing the data to implement the SQL 
query. The query optimiZer is responsible for transforming 
an SQL request into an access plan composed of speci?c 
implementations of the algebraic operator selection, projec 
tion, join, and so forth. Typically, this is done by generating 
many different access strategies, evaluating the cost of each, 
and selecting the access plan With the loWest overall cost, 
Where “cost” is a metric that measures a combination of 
factors, including, but not limited to, the estimated amount 
of computational overhead, the number of physical Input/ 
Output (“I/O”) operations, and the response time. HoWever, 
producing an optimal access plan for any given SQL query 
is a complex problem. 

[0011] In a modern optimiZer, ef?cient handling of order 
ings is of great importance to query optimiZation. Indeed, 
ordering-based techniques remain unavoidable in modern 
query processing, despite the effectiveness of hash-based 
techniques, see e.g., G. Graefe, “The Value of Merge-Join 
and Hash-Join in SQL Server,” VLDB, 1999 and G. Graefe, 
R. Bunker, S. Cooper, “Hash Joins and Hash Teams in 
Microsoft SQL Server,” VLDB, 1998. Ordering is intimately 
related to tWo fundamental components of relational data 
base management systems: B-tree indices, at the implemen 
tation level, and the ORDER BY clause, at the language 
level. A B-tree index, besides providing direct access to 
database records or tuples, also provides an ordering. An 



US 2003/0172059 A1 

ORDER BY clause explicitly requires an ordering. The 
naive solution, lazy sorting, is in many cases sub-optimal. 

[0012] Given that ordering is important, there are many 
relational implementation techniques that rely on ordering 
and Would bene?t from its advanced handling. One example 
of a relational technique that Would bene?t from improved 
handling of orderings is merge join, the join algorithm that 
relies on its arguments being ordered on the equi-join clause 
columns. Several other relational database algorithms rely 
on ordered input including: merge union distinct, group 
sorted, distinct ordered and the min/max scalar aggregates. 

[0013] An ordering is usually either provided by an index 
or enforced using a sorting operation or “sort node.” An 
index being an alternative to the sort, the term “ordered 
input” is used instead of “sorted input” in this document. As 
the cost of a sorting operation is related to the amount of data 
to sort and as many relational algorithms preserve in their 
result some of the orderings provided by their arguments, 
sorting should be performed in the most ef?cient place that 
makes the ordering available up to the point Where it is 
actually needed. In other Words, a solution is required Which 
provides for optimal placement of the sort node in an access 
plan. Because sorting is an expensive operation, optimiZers 
typically preserve sub-plans that provide an “interesting 
ordering” even if there are other cheaper (in terms of query 
execution cost) sub-plans that do not provide an interesting 
ordering. “Interesting ordering” involves consideration of 
the ordering of intermediate results from operator to opera 
tor. In particular, retaining a sub-plan that has an interesting 
ordering may enable a sort operation to be avoided, thereby 
reducing overall query execution cost compared to another 
sub-plan that does not have an interesting ordering. HoW 
ever, preserving these sub-plans reduces pruning and results 
in more sub-plans staying in the competition to create the 
best total plan. This results in an increase in the search space. 

[0014] Among the ordering-based algorithms, distinct and 
group ordered are very inexpensive (in terms of query 
execution cost) implementations (non-blocking, on-the-?y, 
relying on their input having an ordering on the grouping 
columns) of an otherWise expensive operator. The distinct 
logical relational operator, also called delta-proj ect, removes 
the duplicate tuples from its input; it groups on all of its 
columns. Its distinct ordered implementation relies on an 
ordered input to output a single tuple for each contiguous 
group of duplicates. The physical operator is “non-blocking” 
or “on-the ?y”, as it does not need to read (and keep in some 
temporary storage) its Whole input before output of its ?rst 
tuple. This physical operator does not need to go back and 
visit an input tuple more than once. Instead, it keeps the 
current tuple and if the next tuple is equal (column Wise), 
then it is discarded. All duplicates are contiguous in ordered 
input. LikeWise, group ordered is a non-blocking vector 
aggregation physical operator that relies on its input to be 
ordered on the grouping columns. As all tuples in a group are 
thus guaranteed to be contiguous, the aggregate functions of 
each group can be computed on-the-?y, While traversing the 
input. Conversely sort is a “blocking” physical operator in 
that it may not produce its ?rst result tuple before having 
seen the last tuple in its input, as the last tuple could be the 
?rst one in the requested sort order. 

[0015] The sorting-based algorithms Which are “ordering 
related” (rather than “ordering-based”) are also relevant. As 
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illustrated above, ordering-based algorithms take advantage 
of the ordering available in their inputs, but do not contain 
a sort. The sorting-based algorithms use in their implemen 
tation a sorting process. Within the sorting algorithm, it is 
inexpensive to eliminate duplicates, both While building the 
sorted runs and While merging them. LikeWise, While sorting 
and eliminating duplicates on some columns, it is feasible 
and inexpensive (in terms of query execution cost) to 
incrementally compute aggregation functions on other col 
umns (for a class of aggregation functions). This is the group 
sorting algorithm. These algorithms are less expensive than 
the sort, due to the bene?cial outcome of the early reduction 
of the siZe of the sort runs, see e.g., D. Bitton, D. J. DeWitt, 
“Duplicate Record Elimination in Large Data Files,” TODS 
8(2), 1983 and W. P. Yan, P. Larson, “Data reduction through 
early grouping,” Proceedings of the 1994 IBM CAS Con 
ference, Toronto, November, 1994. They provide an order 
ing on the grouping columns, in the same manner as a basic 
sort. 

[0016] There are knoWn eager/laZy grouping transforma 
tions, that alloW the placement of one or several group nodes 
(i.e., grouping operations) in various legal places in the plan 
of a GROUP BY query. LikeWise, When distinctness needs 
to be enforced (for instance for a SELECT DISTINCT) there 
are similar (and simpler) eager/laZy transformations. These 
are important optimiZations, as grouping (and its simpli?ed 
form, distinctiveness enforcement) both in?uences the plan 
and is in?uenced by the plan. It is in?uenced by the plan, as 
an ordered input alloWs use of a more ef?cient algorithm. It 
in?uences the plan by its execution cost (Which can, for 
some of the grouping algorithms, be quite high) and also by 
the cardinality reduction in the grouped result (Which 
decreases the cost of the parent nodes). 

[0017] HoWever, the tentative enforcement of grouping in 
all places Where it is algebraically correct (see e.g., C. A. 
Galindo-Legaria, M. Joshi, “Orthogonal OptimiZation of 
Subqueries and Aggregation,” SIGMOD Conference, 2001) 
Will increase the search space With various degrees of 
partially grouped sub-plans. In addition, as optimiZers can 
be incorrect, one needs to constrain their choices With 
abstract plans (APs), see e.g., M. Andrei, P. ValdurieZ, 
“User-Optimizer Communication using Abstract Plans in 
Sybase ASE,” VLDB, 2001. An abstract plan is a physical 
relational algebra expression that fully or partially describes 
the plan of a given query. The AP is given to the optimiZer, 
Which in turn generates a complying plan. Unfortunately, it 
is a knoWn hard problem to build the validity proof of an 
abstract plan that is more complex than just giving the join 
order and the access methods such as an AP that implies 
order based algorithms and eager/laZy aggregation. HoW 
ever, building the validity proof of an abstract plan is not 
only useful but is also typically required in commercial 
implementations. It is useful as the sort, distinct, and group 
placement in a plan heavily affects performance. It may also 
be considered as mandatory as a commercial relational 
database management system (RDBMS) may not rely on the 
validity (With respect to the associated query) of an arbitrary 
abstract plan supplied by the user. Reliance on a given 
abstract plan supplied by the user can produce incorrect 
results, so the optimiZer must be able to prove the correct 
ness of an abstract plan in order to accept it. 

[0018] What is required is a solution that Will provide for 
improved handling of orderings enforcement by a query 
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optimizer. The solution should provide for improved han 
dling of orderings While avoiding an increase in the opti 
miZation search space or the execution cost of the query 
execution plan. Ideally, the solution should also implement 
the validity proofs needed for abstract plans that cover 
sorting, aggregation, and other more complex expressions. 
The present invention ful?lls these and other needs. 

GLOSSARY 

[0019] The folloWing de?nitions are offered for purposes 
of illustration, not limitation, in order to assist With under 
standing the discussion that folloWs. 

[0020] Directed acyclic graph: A directed graph is a 
graph Whose edges are ordered pairs of vertices 
(nodes). Each edge of a directed graph can be folloWed 
from one node (vertex) to the next. A directed acyclic 
graph is a directed graph Where no path starts and ends 
at the same node. 

[0021] Eager property enforcement: Eager property 
enforcement is a formaliZation and enhancement of the 
knoWn “interesting properties” enforcing technique 
Which is applied in the system of the present invention 
to several physical properties, including ordering. More 
particularly, the eager property enforcement method of 
the present invention involves placing an enforcer in 
advance (a priori) When a neW cheapest plan is added 
to an equivalence class. With this eager property 
enforcement approach, no enforcer needs to be added 
When a parent looks for a child node, as the enforcer is 
already present. Eager property enforcement relies 
upon knoWing in advance the needs of all possible 
parents of any plans in an equivalence class. The 
method of the present invention for eager property 
enforcement is described in detail beloW in this docu 
ment. 

[0022] Enforceable properties: Enforceable properties 
are an extension of the enforcement of physical prop 
erties to also cover logical properties. Their application 
to ordering and aggregation is described beloW in this 
document. 

[0023] Equivalence class or Eqc: An equivalence class 
or Eqc is a grouping of plans or sub-plans covering the 
same tables of a database. The characteristics of an 
equivalence class are that an equivalence class is iden 
ti?ed by its set of underlying tables and that its candi 
date plans (or sub-plans) compete With each other to be 
part of the best total plan. For example, a sub-plan 
joining tablesA and B is in a different equivalence class 
than a sub-plan joining tables B and C. The plan cache 
contains the set of created equivalence classes (Eqcs). 

[0024] Logical property: A property that depends only 
on a logical expression is referred to as a logical 
property. Alogical property can have the same value for 
a group of plans. For instance, the set of underlying 
tables is a logical property shared by all plans in an 
equivalence class. For queries that have no aggregation, 
the set of available attributes (columns) is an equiva 
lence class level logical property and so is the set of 
projected columns (i.e., the ones needed by any parent 
equivalence class). 

[0025] Maximal useful property: The eager property 
enforcement approach of the present invention is to 
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model a set of corresponding interesting physical prop 
erties With a logical property Which is referred to as the 
maximal useful property. The maximal useful property 
is used to represent the physical property of an enforcer 
and shares the same representation as the underlying 
physical property. The maximal useful property is used 
to represent an available property and can be compared, 
propagated, and so forth. The difference betWeen the 
underlying (physical) property that is needed and its 
corresponding (logical) maximal useful property lies in 
their semantics. The maximal useful property is knoWn 
in advance (a priori) for an equivalence class. The 
needed/useful property is knoWn after the fact (a pos 
teriori), for a given plan of that equivalence class. 

[0026] Normalization: In the context of database 
design, normaliZation is the process of organiZing data 
to minimiZe redundancy. In this document, normaliZa 
tion refers to the process of converting a database query 
into a simpler form that can be more ef?ciently ana 
lyZed by the query optimiZer to deduce better data 
access strategies. 

[0027] Opportunistic property enforcement: Opportu 
nistic property enforcement is an aggregation optimi 
Zation methodology of the present invention Which 
takes advantage of both existing orderings and order 
enforcing Within the eager ordering enforcement 
frameWork. The opportunistic property enforcement 
method of the present invention optimiZes aggregation 
by taking advantage of the eager enforcement of order 
ing. This approach effectively applies the knoWn aggre 
gation transforms While avoiding an increase in the 
search space. Opportunistic property enforcement is 
described in detail beloW in this document. 

[0028] Physical property: Properties that are knoWn 
only for a given physical implementation of a logical 
relational expression are called physical properties. Not 
all properties of a plan depend only on the logical level 
relational expression describing it. The ordering of the 
data stream produced by the plan depends on the actual 
algorithms implementing the physical nodes. Some 
orderings are produced (e.g., by an index scan or a 
sort), some are preserved (e.g., the outer ordering of a 
join) and some are destroyed (e.g., the inner ordering of 
a join, With some exceptions). With respect to the 
optimiZation process, the physical properties are a 
posteriori in nature. 

[0029] Plan cache: As an optimiZer gradually builds 
alternative total plans (i.e., plans that have the same 
semantics as the original SQL query and that constitute 
candidates to become the ?nal query execution plan); 
the optimiZer keeps partial plans that are candidates to 
become part of the ?nal query execution plan in a plan 
cache. In the currently preferred embodiment, the plan 
cache is implemented as a directed acyclic graph. 

[0030] Predicate: In the context of relational databases 
a predicate is a truth-valued function, possibly negated, 
Whose domain is a set of attributes and/or scalar values 
and Whose range is {true, false, unknown}. 

[0031] Property: The term property refers to a quanti 
?able characteristic or attribute of an object. In the 
context of relational databases, the term property refers 
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to a quanti?able characteristic of a relational expres 
sion, sub-expression, or operator. 

[0032] Query execution plan or QEP: Aquery execution 
plan or QEP is a demand-driven tuple stream “iterator” 
tree, Which is a data structure that is interpreted by the 
relational database management system’s execution 
module or engine. This procedural construct is richer 
than a pure relational algebra expression. A QEP is a 
tree of relational algorithms applied to input tuple 
streams. A (logical level) relational expression is com 
posed of (logical level) relational operators; it is a tree 
of logical nodes. A QEP or plan is composed of 
physical level relational operators (or algorithms); it is 
a tree of physical nodes. These physical operators are 
nodes in a tree that have children. A tree of physical 
operators is a sub-plan or the full (?nal) plan. Aplan is 
the full plan if it covers the total semantics of the query 
(i.e., if the result set of the root node of the plan tree 
delivers the result set of the query). In this document, 
references to a QEP or plan refer to a query execution 
plan (or a portion thereof) unless otherWise indicated 
by the context. 

[0033] Sub-plan or plan fragment: A sub-plan or plan 
fragment is a tree of physical operators that is a portion 
of a (full) query execution plan (as de?ned above) or a 
candidate to become a portion of a (full) query execu 
tion plan. 

[0034] SQL: SQL stands for Structured Query Lan 
guage, Which has become the standard for relational 
database access, see e.g., “Information Technology— 
Database languages—SQL,” published by the Ameri 
can National Standards Institute as American National 
Standard ANSI/ISO/IEC 9075: 1992, the disclosure of 
Which is hereby incorporated by reference. For addi 
tional information regarding SQL in database systems, 
see e.g., Date, C., “An Introduction to Database Sys 
tems, Volume I and II,” Addison Wesley, 1990, the 
disclosure of Which is hereby incorporated by refer 
ence. 

SUMMARY OF THE INVENTION 

[0035] Adatabase system providing methods for eager and 
opportunistic property enforcement is described. A method 
for eager ordering enforcement enabling improved query 
optimiZation commences With receipt of a query that 
requests data from a database and requests the data to be 
ordered. Plan fragments are generated for obtaining the data 
requested by the query. Plan fragments covering the same 
tables of the database are grouped together in classes. For 
each class, the particular plan fragment having the loWest 
execution costs for obtaining the requested data is deter 
mined. Any required ordering enforcement operator is added 
to this particular plan fragment to provide the needed 
ordering of data. 

[0036] A method for eager and opportunistic enforcement 
enabling improved query optimiZation, commences With the 
receipt of a query for data from a database Which requests 
ordering and grouping of the data. Sub-plans are generated 
for obtaining data requested by the query. Each of these 
sub-plans comprises a portion of an overall query execution 
plan. The sub-plans that are generated are organiZed into 
classes based upon tables covered by each sub-plan. For 
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each class, a particular sub-plan having the loWest execution 
costs is determined. If grouping is not required at a given 
class, an operator enforcing ordering is added to this par 
ticular sub-plan. HoWever, if grouping is required at the 
given class, an operator enforcing both grouping and order 
ing is added to this sub-plan. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] FIG. 1 is a block diagram of a computer system in 
Which softWare-implemented processes of the present inven 
tion may be embodied. 

[0038] FIG. 2 is a block diagram of a softWare system for 
controlling the operation of the computer system. 

[0039] FIG. 3 illustrates the general structure of a client/ 
server database system suitable for implementing the present 
invention. 

[0040] FIG. 4 is an illustration of an exemplary plan cache 
state at an intermediate point during the optimiZation of a 
sample query. 

[0041] FIG. 5 illustrates exemplary equivalence class 
level logical properties computed by the optimiZer of the 
present invention for the plan cache shoWn at FIG. 4. 

[0042] FIG. 6 illustrates the operational differences in 
different classes of optimiZer search engines. 

[0043] FIG. 7 is a block diagram illustrating components 
of the system of the present invention, Which in its currently 
preferred embodiment is implemented as part of the opti 
miZer of a relational database management system. 

[0044] FIGS. 8A-B comprise a single ?oWchart illustrat 
ing the detailed method steps of the operations of the present 
invention for the application of eager enforcement to order 
ing. 

[0045] FIGS. 9A-B comprise a single ?oWchart illustrat 
ing the method steps of the operations of the present 
invention for eager and opportunistic property enforcement. 

[0046] FIG. 10 illustrates an exemplary query execution 
plan for a sample query optimiZed using the methods of the 
present invention. 

[0047] FIG. 11 is an illustration of a sample abstract plan 
Which describes the query execution plan shoWn in FIG. 10. 

DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

[0048] The folloWing description Will focus on the pres 
ently preferred embodiment of the present invention, Which 
is implemented in a desktop application operating in an 
Internet-connected environment running under a desktop 
operating system, such as the Microsoft® WindoWs operat 
ing system running on an IBM-compatible PC. The present 
invention, hoWever, is not limited to any one particular 
application or any particular environment. Instead, those 
skilled in the art Will ?nd that the system and methods of the 
present invention may be advantageously embodied on a 
variety of different platforms, including Macintosh, Linux, 
BeOS, Solaris, UNIX, NextStep, FreeBSD, and the like. 
Therefore, the description of the exemplary embodiments 
that folloWs is for purposes of illustration and not limitation. 
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[0049] 
[0050] A. Basic System Hardware (e.g., for Desktop and 
Server Computers) 

I. Computer-Based Implementation 

[0051] The present invention may be implemented on a 
conventional or general-purpose computer system, such as 
an IBM-compatible personal computer (PC) or server com 
puter. FIG. 1 is a very general block diagram of an IBM 
compatible system 100. As shoWn, system 100 comprises a 
central processing unit(s) (CPU) or processor(s) 101 coupled 
to a random-access memory (RAM) 102, a read-only 
memory (ROM) 103, a keyboard 106, a printer 107, a 
pointing device 108, a display or video adapter 104 con 
nected to a display device 105, a removable (mass) storage 
device 115 (e.g., ?oppy disk, CD-ROM, CD-R, CD-RW, 
DVD, or the like), a ?xed (mass) storage device 116 (e.g., 
hard disk), a communication (COMM) port(s) or interface(s) 
110, a modem 112, and a netWork interface card (NIC) or 
controller 111 (e.g., Ethernet). Although not shoWn sepa 
rately, a real-time system clock is included With the system 
100, in a conventional manner. 

[0052] CPU 101 comprises a processor of the Intel Pen 
tium® family of microprocessors. HoWever, any other suit 
able processor may be utiliZed for implementing the present 
invention. The CPU 101 communicates With other compo 
nents of the system via a bi-directional system bus (includ 
ing any necessary input/output (I/O) controller circuitry and 
other “glue” logic). The bus, Which includes address lines 
for addressing system memory, provides data transfer 
betWeen and among the various components. Description of 
Pentium-class microprocessors and their instruction set, bus 
architecture, and control lines is available from Intel Cor 
poration of Santa Clara, Calif. Random-access memory 102 
serves as the Working memory for the CPU 101. In a typical 
con?guration, RAM of sixty-four megabytes or more is 
employed. More or less memory may be used Without 
departing from the scope of the present invention. The 
read-only memory (ROM) 103 contains the basic input/ 
output system code (BIOS)—a set of loW-level routines in 
the ROM that application programs and the operating sys 
tems can use to interact With the hardWare, including reading 
characters from the keyboard, outputting characters to print 
ers, and so forth. 

[0053] Mass storage devices 115, 116 provide persistent 
storage on ?xed and removable media, such as magnetic, 
optical or magnetic-optical storage systems, ?ash memory, 
or any other available mass storage technology. The mass 
storage may be shared on a netWork, or it may be a dedicated 
mass storage. As shoWn in FIG. 1, ?xed storage 116 stores 
a body of program and data for directing operation of the 
computer system, including an operating system, user appli 
cation programs, driver and other support ?les, as Well as 
other data ?les of all sorts. Typically, the ?xed storage 116 
serves as the main hard disk for the system. 

[0054] In basic operation, program logic (including that 
Which implements methodology of the present invention 
described beloW) is loaded from the removable storage 115 
or ?xed storage 116 into the main (RAM) memory 102, for 
execution by the CPU 101. During operation of the program 
logic, the system 100 accepts user input from a keyboard 
106 and pointing device 108, as Well as speech-based input 
from a voice recognition system (not shoWn). The keyboard 
106 permits selection of application programs, entry of 
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keyboard-based input or data, and selection and manipula 
tion of individual data objects displayed on the screen or 
display device 105. LikeWise, the pointing device 108, such 
as a mouse, track ball, pen device, or the like, permits 
selection and manipulation of objects on the display device. 
In this manner, these input devices support manual user 
input for any process running on the system. 

[0055] The computer system 100 displays text and/or 
graphic images and other data on the display device 105. The 
video adapter 104, Which is interposed betWeen the display 
105 and the system’s bus, drives the display device 105. The 
video adapter 104, Which includes video memory accessible 
to the CPU 101, provides circuitry that converts pixel data 
stored in the video memory to a raster signal suitable for use 
by a cathode ray tube (CRT) raster or liquid crystal display 
(LCD) monitor. Ahard copy of the displayed information, or 
other information Within the system 100, may be obtained 
from the printer 107, or other output device. Printer 107 may 
include, for instance, an HP LaserJet® printer (available 
from HeWlett-Packard of Palo Alto, Calif.), for creating hard 
copy images of output of the system. 

[0056] The system itself communicates With other devices 
(e.g., other computers) via the netWork interface card (NIC) 
111 connected to a netWork (e.g., Ethernet netWork, Blue 
tooth Wireless netWork, or the like), and/or modem 112 (e. g., 
56K baud, ISDN, DSL, or cable modem), examples of 
Which are available from 3Com of Santa Clara, Calif. The 
system 100 may also communicate With local occasionally 
connected devices (e.g., serial cable-linked devices) via the 
communication (COMM) interface 110, Which may include 
a RS-232 serial port, a Universal Serial Bus (USB) interface, 
or the like. Devices that Will be commonly connected locally 
to the interface 110 include laptop computers, handheld 
organiZers, digital cameras, and the like. 

[0057] IBM-compatible personal computers and server 
computers are available from a variety of vendors. Repre 
sentative vendors include Dell Computers of Round Rock, 
Tex., Compaq Computers of Houston, Tex., and IBM of 
Armonk, NY. Other suitable computers include Apple 
compatible computers (e. g., Macintosh), Which are available 
from Apple Computer of Cupertino, Calif., and Sun Solaris 
Workstations, Which are available from Sun Microsystems of 
Mountain VieW, Calif. 

[0058] B. Basic System SoftWare 

[0059] Illustrated in FIG. 2, a computer softWare system 
200 is provided for directing the operation of the computer 
system 100. SoftWare system 200, Which is stored in system 
memory (RAM) 102 and on ?xed storage (e.g., hard disk) 
116, includes a kernel or operating system (OS) 210. The OS 
210 manages loW-level aspects of computer operation, 
including managing execution of processes, memory allo 
cation, ?le input and output (I/O), and device I/O. One or 
more application programs, such as client application soft 
Ware or “programs”201 (e.g., 201a, 201b, 201c, 201d) may 
be “loaded” (i.e., transferred from ?xed storage 116 into 
memory 102) for execution by the system 100. 

[0060] System 200 includes a graphical user interface 
(GUI) 215, for receiving user commands and data in a 
graphical (e.g., “point-and-clic ”) fashion. These inputs, in 
turn, may be acted upon by the system 100 in accordance 
With instructions from operating system 210, and/or client 
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application module(s) 201. The GUI 215 also serves to 
display the results of operation from the OS 210 and 
application(s) 201, Whereupon the user may supply addi 
tional inputs or terminate the session. Typically, the OS 210 
operates in conjunction With device drivers 220 (e.g., “Win 
sock” driver—WindoWs’ implementation of a TCP/IP stack) 
and the system BIOS microcode 230 (i.e., ROM-based 
microcode), particularly When interfacing With peripheral 
devices. OS 210 can be provided by a conventional operat 
ing system, such as Microsoft® WindoWs 9x, Microsoft® 
WindoWs NT, Microsoft® WindoWs 2000, or Microsoft® 
WindoWs XP, all available from Microsoft Corporation of 
Redmond, Wash. Alternatively, OS 210 can also be an 
alternative operating system, such as the previously men 
tioned operating systems. 

[0061] C. Client/Server Database Management System 

[0062] While the present invention may operate Within a 
single (standalone) computer (e.g., system 100 of FIG. 1), 
the present invention is preferably embodied in a multi-user 
computer system, such as a client/server system. FIG. 3 
illustrates the general structure of a client/server database 
system 300 suitable for implementing the present invention. 
As shoWn, the system 300 comprises one or more client(s) 
310 connected to a server 330 via a netWork 320. Speci? 
cally, the client(s) 310 comprise one or more standalone 
terminals 311 connected to a database server system 340 
using a conventional netWork. In an exemplary embodiment, 
the terminals 311 may themselves comprise a plurality of 
standalone Workstations, dumb terminals, or the like, or 
comprise personal computers (PCs) such as the above 
described system 100. Typically, such units Would operate 
under a client operating system, such as Microsoft® Win 
doWs client operating system (e.g., Microsoft® WindoWs 
95/98, WindoWs 2000, or WindoWs XP). 

[0063] The database server system 340, Which comprises 
Sybase® Adaptive Server® Enterprise (available from 
Sybase, Inc. of Dublin, Calif.) in an exemplary embodiment, 
generally operates as an independent process (i.e., indepen 
dently of the clients), running under a server operating 
system such as Microsoft® WindoWs NT, WindoWs 2000, or 
WindoWs XP (all from Microsoft Corporation of Redmond, 
Wash.), or UNIX (Novell). The netWork 320 may be any one 
of a number of conventional netWork systems, including a. 
Local Area Network (LAN) or Wide Area NetWork (WAN), 
as is knoWn in the art (e. g., using Ethernet, IBM Token Ring, 
or the like). NetWork 320 includes functionality for pack 
aging client calls in the Well-knoWn SOL (Structured Query 
Language) together With any parameter information into a 
format (of one or more packets) suitable for transmission 
across a cable or Wire, for delivery to the database server 
system 340. 

[0064] Client/server environments, database servers, and 
netWorks are Well documented in the technical, trade, and 
patent literature. For a discussion of database servers and 
client/server environments generally, and Sybase architec 
ture particularly, see, e.g., Nath, A., “The Guide to SOL 
Server,” Second Edition, Addison-Wesley Publishing Com 
pany, 1995. For a description of Sybase® Adaptive Server® 
Enterprise, see, e.g., “Adaptive Server Enterprise 12.5 Prod 
uct Documentation,” available from Sybase, Inc. of Dublin, 
Calif. (and currently available via the Internet at http:sy 
books.sybase.com/asg1250e.html). The disclosures of the 
foregoing are hereby incorporated by reference. 
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[0065] In operation, the client(s) 310 store data in, or 
retrieve data from, one or more database tables 350, as 
shoWn at FIG. 3. Typically resident on the server 330, each 
table itself comprises one or more roWs or “records” (tuples) 
(e.g., roW 355), each storing information arranged by col 
umns or “?elds.” A database record includes information 
Which is most conveniently represented as a single unit. A 
record for an employee, for example, may include informa 
tion about the employee’s ID Number, Last Name and First 
Initial, Position, Date Hired, Social Security Number, and 
Salary. Thus, a typical record includes several categories of 
information about an individual person, place, or thing. Each 
of these categories, in turn, represents a database ?eld. In the 
foregoing employee table, for example, Position is one ?eld, 
Date Hired is another, and so on. With this format, tables are 
easy for users to understand and use. Moreover, the Hex 
ibility of tables permits a user to de?ne relationships 
betWeen various items of data, as needed. 

[0066] In operation, the clients 310 issue one or more SOL 
commands to the server 330. SOL commands may specify, 
for instance, a query for retrieving particular data (i.e., data 
records meeting the query condition) from the database 
table(s) 350. The syntax of SOL (Structured Query Lan 
guage) is Well documented; see, e.g., the above-mentioned 
“An Introduction to Database Systems.” In addition to 
retrieving the data from Database Server tables, the Clients 
also include the ability to insert neW roWs of data records 
into the table; Clients can also modify and/or delete existing 
records in the table(s). 

[0067] In operation, the SOL statements received from the 
client(s) 310 (via netWork 320) are processed by engine 360 
of the database server system 340. Engine 360 itself com 
prises parser 361, normaliZer 363, compiler 365, execution 
unit 369, and access methods 370. Speci?cally, the SOL 
statements are passed to the parser 361 Which converts the 
statements into a query tree—a binary tree data structure 
Which represents the components of the query in a format 
selected for the convenience of the system. In this regard, the 
parser 361 employs conventional parsing methodology (e. g., 
recursive descent parsing). 

[0068] The query tree is normaliZed by the normaliZer 
363. NormaliZation includes, for example, the elimination of 
redundant data. Additionally, the normaliZer 363 performs 
error checking, such as con?rming that table names and 
column names Which appear in the query are valid (e.g., are 
available and belong together). Finally, the normaliZer can 
also look-up any referential integrity constraints Which exist 
and add those to the query. 

[0069] After normaliZation, the query tree is passed to the 
compiler 365, Which includes an optimiZer 366 and a code 
generator 367. The optimiZer is responsible for optimiZing 
the query tree. The optimiZer performs a cost-based analysis 
for formulating a query execution plan. The optimiZer Will, 
for instance, select the join order of tables (e.g., When 
Working With more than one table); it Will select relevant 
indexes (e.g., When indexes are available). The optimiZer, 
therefore, performs an analysis of the query and picks the 
best execution plan, Which in turn results in particular ones 
of the access methods being invoked during query execu 
tion. 

[0070] The code generator, on the other hand, converts the 
query tree into a set of instructions suitable for satisfying the 


































